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Adult stem cells are crucial for physiological tissue renewal and regeneration after injury. Prevailing models assume the existence of a single quiescent population of stem cells residing in a specialized niche of a given tissue. Emerging evidence indicates that both quiescent (out of cell cycle and in a lower metabolic state) and active (in cell cycle and not able to retain DNA labels) stem cell subpopulations may coexist in several tissues, in separate yet adjoining locations. Here, we summarize these findings and propose that quiescent and active stem cell populations have separate but cooperative functional roles. S tem cells constitute a long-lived population of cells that possess the ability to selfrenew (a process of duplication without losing developmental potential) and give rise to multiple cell types (differentiation) (1) . In Drosophila and Caenorhabditis elegans, a single population of germ stem cells (GSCs) resides in a single niche (2, 3) . The asymmetric architecture of the stem cell niche dictates that stem cells normally divide asymmetrically into a new stem cell (self-renewal) and a committed progenitor (differentiation). GSCs only divide symmetrically (self-renewal only) when expansion of the stem cell pool is required (3) . The invertebrate GSCs normally undergo constant cycling (either asymmetric or symmetric division) (4, 5) and become quiescent when animals are challenged nutritionally (6) . In contrast, mammalian adult stem cells are generally detected as in a predominantly quiescent state (7) (8) (9) . How can long-term quiescent stem cells support rapidly regenerating tissues (e.g., producing billions of blood and intestinal cells daily) during normal physiology? The mechanism whereby quiescent stem cells give rise to transit amplifying (TA) cells, which in turn differentiate into mature cells, may not provide a satisfactory answer because TA cells are short-lived and cannot self-renew. Recently, populations of stem cells that are long-lived yet constantly cycling have been identified (10) . Here, we integrate insights from bone marrow, intestinal epithelium, and hair follicle to formulate an alternative and complementary model in which subpopulations of quiescent and active adult stem cells coexist in the same tissue.
Hair Follicle
The hair follicle provides an excellent system for studying stem cell biology. Each hair follicle is composed of a permanent portion, which in-cludes the sebaceous gland and the underlying bulge region, and a temporary portion (cycling segment) that cycles through anagen (active growth), catagen (apoptosis-driven retraction), and telogen (a resting period) (Figs. 1A and 2A) (11, 12) . Signals emanating from the underlying dermal papilla (DP) induce activation of the stem cells in the hair germ (a cluster of cells located at the bottom of bulge) and the bulge (13) . During anagen, the distance between the bulge and DP increases, which modifies the activation state of the stem cells ( Fig. 2A ).
Cotsarelis and colleagues were the first to identify label-retaining cells (LRCs) in the bulge region (7) . However, because of the inability to isolate live 5-bromo-2´-deoxyuridine-positive (BrdU + ) LRCs, they could not determine whether bulge LRCs were stem cells. Fuchs and colleagues developed an elegant method to isolate live LRCs by generating a doxycycline-controlled histone2Bgreen fluorescent protein (H2B-GFP) mouse line (14) . Expression of H2B-GFP was seen in almost all of the epidermal (including stem) cells without adding doxycycline. was administered to young mice for 1 month, most cells diluted out the H2B-GFP label by division during the chasing process. Some cells in the bulge, however, retained H2B-GFP and were thus identified as GFP-expressing LRCs. The majority of these H2B-GFP LRCs expressed the stem cell marker CD34 (14) . Sorted and cultured CD34 + bulge cells from a keratin14-GFP transgenic mouse were transplanted and shown to generate the entire hair follicle (15) . Taken together, these studies demonstrate that LRCs (here identified as CD34 + and K14 + ) in the hair follicle represent functional stem cells (15) . Although many bulge cells can be activated from the quiescent state to enter the cell cycle during anagen (15) , some LRCs retain labels over many months, suggesting that they exist in a quiescent state and are not actively involved in hair regeneration (16) (Fig. 2B ). These observations suggest that bulge cells are heterogeneous in terms of cycling state (17) .
Bulge stem cells were recently found not to directly generate TA cells but rather give rise to an intermediate stem cell population located at the hair germ. These hair germ cells in turn produced the TA cells, which further differentiated into the hair shaft in the hair matrix (13, 18) . Leucine-rich repeat-containing heterotrimeric guanine nucleotide-binding protein (G protein)-coupled receptor (Lgr) 5 is expressed in the bulge region and the hair germ during late telogen/early anagen as well as in the hair matrix during late anagen ( Fig. 2C) (19) . In the bulge, the CD34 + compartment consists of both label-retaining Lgr5cells and active Lgr5 + cells located side by side ( Fig. 2C ). This is consistent with the detection of Akt-phosphorylated (activated) LRCs in the lower bulge region and hair germ during anagen ( Fig. 2B) (20) . Indeed, the Lgr-5 + cells seem to be the first to proliferate upon induction of anagen, and some Lgr5 + cells persist through several hair cycles (19) as revealed by in vivo lineage tracing. Thus, the location of Lgr5 + cells in the lower bulge and extending into the hair germ is consistent with the recent finding that activation of bulge and hair germ stem cells occurs in two steps (13) . Activation of bulge cells follows activation of hair germ cells, indicating that the bulge cells are replenishing hair germ cells that have entered the hair matrix to support hair growth ( Fig. 2A) (18) . On the basis of these observations, the hair follicle appears to contain both quiescent and active stem cell populations in separate yet adjacent locations.
Gut
In the intestinal epithelium, stem cells and their short-lived TA cells reside in crypts ( Fig. 1B) . Cells exiting the crypts and entering the villi terminally differentiate into enterocytes, goblet cells, or enteroendocrine cells. Paneth cells escape this course by migrating to crypt bottoms. The intestinal epithelium is renewed about every 5 days (21). Potten and others have proposed (20) .] (C and D ) CD34 + Lgr5and CD34 + Lgr5 + stem cells, respectively, located inside and next to bulge area (C), which is consistent with Lgr5 + stem cells located adjacent to LRCs (D that LRCs (on average 2 to 4 out of 16 cells in a ring) at the +4 position located above the Paneth cells ( Fig. 1B) represent stem cells (8) . A recent study using in vivo lineage tracing has shown that cells expressing Bmi1 predominantly mark +4 position and are able to give rise to all four epithelial lineages (22) . Although Bmi1 + cells were suggested to be slowly cycling, it is currently unknown whether they are LRCs (i.e., quiescent). Some cells at the +4 cell position that express the potential stem cells marker Musashi-1 are not sensitive to inactivation of the cell cycle protein CDC25, suggesting they have quiescent features (23) . In an alternative model, crypt-based columnar cells (CBCs) specifically expressing Lgr5 located at crypt bottoms among Paneth cells represent intestinal stem cells (ISCs) (Fig. 1B ) (24) . Lineage tracing has shown that Lgr5 + cells represent a long-lived and cycling multipotent stem cell population (25) . A single Lgr5 + stem cell can form a long-lived, self-renewing "minigut" in culture (26) . Lgr5 + stem cells are distinct from +4 LRCs in that Lgr5 stem cells do not retain DNA labels and are sensitive to CDC25 inactivation, supporting their proliferating feature (23) . Thus, the intestine contains a quiescent stem cell population at the +4 position and a cycling Lgr5 stem cell population among the Paneth cells. Future studies are needed to determine the relationship between these cell populations.
Bone Marrow
Studies of hematopoietic stem cells (HSCs) have shaped our thinking on most basic features of mammalian stem cells (1) . HSCs give rise to a hierarchically organized set of progenitors for erythroid, myeloid, lymphoid, and megakaryocyte lineages (1) . The mainstay of HSC analysis has been marker-based cell sorting followed by transplantation in lethally irradiated recipients. This assay tests self-renewal as well as multilineage potential.
Most primitive HSCs are quiescent (27) . Using DNA label BrdU and H2B-GFP incorporation respectively (14) , LRCs were found to be predominantly located in the endosteum (Fig.  1C) (28) and subsequently confirmed to be a primitive HSC population (29, 30) . The quiescent HSCs have superior long-term reconstitution potential; however, HSCs in this population cycle only once every 145 days on average and thus may not provide ongoing support for production of billions of blood cells, although they can be activated for this function under injury conditions (29) . Other studies based on the DNA label BrdU and H2B-GFP incorporation have suggested that the majority of murine HSCs undergo more frequent cycling (29, (31) (32) (33) . These seemingly disparate findings may be reconciled by postulating the existence of two subpopulations of HSCs, one being long-term quiescent ("reserved") and the other being more actively cycling ("primed") ( Fig. 1C) (29, 33, 34) . Primed HSCs may be the workhorse that supports the daily production of billions of blood cells, whereas reserved HSCs function as a "backup" (to replenish lost active stem cells under homeostasis and particularly in response to injury or pathological challenge) (29, 33) .
Stem Cell Zones and Associated Microenvironmental Signals
The observations described above do not easily conform to a model in which a single stem cell population maintains tissue self-renewal (Fig.   3A ). An alternative "zoned" model, in which quiescent and active stem cells coexist within the same tissue, may better explain these observations (35) . In the zoned stem cell model, active stem cells are the primed subpopulation that account for most of the replenishment of corresponding tissues, whereas quiescent stem cells function as a backup or reserved subpopulation. This reserved population can be activated either by a stochastic mechanism (36) or by feedback upon loss of active stem cells or extensive tissue damage (Fig. 3B) . For example, the cycling CBC stem cells and/or their progeny migrating upward from the crypt bottom and passing +4 may potentially provide a negative feedback to the quiescent stem cells. Thus, loss of CBCs or their progeny may trigger the activation of quiescent stem cells. Different assays may be biased in revealing one or the other population of stem cells: transplantation assays document "stem cell potential" and may favorably detect the reserved population, particularly in the serial transplantation assays, whereas in vivo lineage tracing assays visualize the primed population.
How can these two very different states of stem cell subpopulations be maintained at separate but adjoining locations? The nature of the locations of stem cell subpopulations in hair follicle and intestine suggests that there are segregated zones that determine the active or quiescent state of the stem cells. Individual stem cell niches are maintained by the secretion of specific proteins. For example, the hair follicle bulge constitutes a canonical Wntoff/bone morphogenetic protein (BMP)-on microenvironment through the expression of secreted Dkk-1, sFRP, Wif, and BMP (14) . In contrast, the DP secretes Wnt signals and noggin, an antagonist of BMP signaling (11) (Fig. 4A) . Similarly, cycling Lgr5 + stem cells at the crypt bottom in intestine are in a microenvironment with high Wnt activity (10), whereas BMP signaling is inhibited by noggin and gremlin produced by submucosal tissue below the crypts (37, 38) . Stem cells at +4 positions encounter BMP4 and the Wnt inhibitor sFRP5 (37, 39) ( Fig. 4B) . In bone marrow, endosteal region [composed of osteoblastic, vascular (40) , and CXCL12 abundant reticular (CAR) cells (41) , as well as osteoclasts (42) ] and central marrow region (lacking osteoblastic signals) have been shown to form inhibitory and stimulatory zones respectively (43, 44) (Fig. 4C ). Intriguingly, HSCs in aged mice localized more distantly to the endosteum than in young mice, supporting the existence of two zones in bone marrow, with the central marrow zone favoring proliferation of HSCs (45) . This correlates with the increasing number but decreasing function of aged HSCs (46) . Under homeostatic conditions, BMPs (28) , Osteopontin (47) , Wnt signaling inhibitors sFRP1 (48) , as well as potentially noncanonical Wnts are expressed in the endosteal zone, providing an inhibitory microenvironment. Fibroblast growth factors (FGFs) and canonical Wnts expressed from endo- (Fig. 4C ). The locations of these cells and the associated signals might change, however, under stressed conditions (43) .
Functional Significance of Zoned Stem Cell Subpopulations
What could be the advantage of maintaining zoned subpopulations of stem cells? We speculate that increasing life span and body size during evolution exerted selective pressure to increase the longevity and output of adult stem cell pools, particularly in the rapidly regenerating tissues, without increasing the risk for (tumorigenic) mutations. The adaptation of reserved quiescent stem cell pools may provide a mechanism to increase the longevity of adult stem cells through population replacement (Fig. 3B) . Here, population replacement describes a mechanism by which one population of cells is replaced by another and should be distinguished from the classic mechanism of self-renewal at the individual cell level. This is exemplified by lost stem cells in hair germ being replenished by stem cells located in the bulge during each hair cycle (13) . Normally, quiescent stem cells would be expected to replace damaged active stem cells (Fig. 3B ). This would prevent the active stem cell pool from becoming exhausted and protect against accumulating potentially tumorigenic mutations during DNA replication. Conversely, active stem cells would possibly have the capacity to replace lost or damaged quiescent stem cells under very special circumstances (Fig.  3B ). The combination of these reciprocal backup systems would provide a robust mechanism to ensure a high rate of physiological self-renewal as well as flexible damage repair, after which the original hierarchy could be reestablished.
